We present the possibility of tuning the nanocrystalline microstructure of Co-rich samples by magnetic field annealing. Custom assembly of nucleated grains, aligned in the field direction, has been observed by means of high resolution transmission microscopy. The organized microstructure was obtained on the basis of the appropriate choice of composition, annealing temperature, related to the initial stages of nanocrystallization process, and magnetic field intensity. The linear pattern of the grains has been explained as a consequence of the counterbalance between magnetic, magnetostatic, and magnetocrystalline couplings, only relevant when the nucleation temperature is well below the Curie temperature of the nucleated phase. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2222254͔
The first nanocrystalline alloys presenting soft magnetic behavior were iron based.
1 Other compositions were also studied. The last series concerns FeCo based alloys 2, 3 technologically promising at high temperature. Nanocrystalline iron based samples are obtained by partial crystallization of amorphous alloys. 4 Its nanocrystalline microstructure is constituted by bcc Fe-Si with grain sizes of 10-15 nm with a fractional volume of 75%, from which their soft properties derive. Softness mainly arises from the averaging out of magnetocrystalline anisotropy via the magnetic interactions between the two constituent magnetic phases reinforced by a decrease of magnetoelastic energy. 4 The control of amorphous percentage and grain size should be done through composition and annealing temperature 5, 6 of the initial amorphous alloy. Other studies have been focused in the possibility of inducing magnetic anisotropy by means of annealing nanocrystalline materials in the presence of magnetic field. 4 In this letter, we present the possibility of tuning the structure of Co-rich nanograins by means of magnetic field annealing. In contrast with results reported for Fe-rich alloys, we have observed a noticeable influence of magnetic field on nanocrystallization of Fe 28.5 Co 45 Si 13.5 B 9 Cu 1 Nb 3 ͑FeCo-rich alloys͒ that present Curie temperature and spontaneous magnetization higher than those of Fe-rich alloys. 6 We provide strong evidence that applied field during the first stage of nanocrystallization, at 733 K, exerts a drastic influence on both percentage of crystallized material and size of the precipitated fcc FeCoSi ͑Ref. 7͒ grains. Moreover, the effect of the applied field is also reflected in the assembly of nanograins that show aligned patterns as well as crystalline texture with an order degree that increases with the intensity of the applied field. The field induced directional order is characterized by a decrease of the intergrain distance along the field direction when compared to the perpendicular one. The possibility of tuning directional order by using a magnetic field opens interesting perspectives concerning the rapid growth of controlled nanostructures. out in a differential scanning calorimeter ͑Perkin-Elmer DSC 7͒ operating at a fixed scanning rate. The x-ray diffractograms were obtained by using the copper = 0.1541 nm line ͑Siemens D5000͒. The microstructural study has been performed by means of transmission electron microscopy ͑JEOL JEM 3000 FX͒ and x-ray energy dispersive spectroscopy ͑XEDS͒. The hysteresis loops were obtained by conventional 80 Hz induction technique, while saturation magnetization of the samples was determined by vibrating sample magnetometer ͑VSM͒. Magnetization thermal dependence was made by means of effective magnetic weight in a thermobalance ͑CANH D-200͒ using a small permanent magnet giving 1600 A / m, field enough to saturate the sample.
The thermal evolution of the alloy from its initial state is shown in the calorimetric curve of Fig. 1͑a͒ . Two exothermic peaks, at 724 and 806.8 K, respectively, define three different stages I, II, and III, as shown in Fig. 1͑a͒ . For samples annealed between 553 and 713 K ͑stage I͒ the x-ray diffractogram shows the characteristic halo of amorphous systems, whereas a set of crystalline peak characteristic of a fcc cell, Fe 3 Si type, appears for both stages II and III. According to x-ray reflections the partially devitrified state corresponding to stage II is mainly composed of ferromagnetic Fe 50-60 Co 25-30 Si 15-20 crystals as indicated by the XEDS analysis. The presence of Co, difficult to estimate from diffractograms, is clearly pointed out by the high value of the Curie temperature, 1123 K, when compared to those obtained by nanocrystallization of Fe-rich amorphous alloys, 923 K. 6 According to the maximum observed at 2.8293 Å that corresponds to ͑2,2,0͒ reflection, the Co content of the magnetic fields. For the sample annealed without field a random distribution of grains of around 6 nm surrounded by an amorphous matrix is observed ͓Fig. 2͑a͔͒, confirming the x-ray diffraction data and calorimetric measurements that indicate a crystallized volume fraction of 10%. However, for the sample annealed in the presence of 4000 A m −1 magnetic field ͑volume fraction 24%͒ a grain assembly characterized by directional order, along the field direction, is observed ͓Fig. 2͑b͔͒. A linear pattern governs the grain growth. This effect is associated with an increase of grain size to 10 nm and grain junction, as observed in Fig. 2͑b͒ .
The effect at 11 200 A m −1 is shown in Fig. 2͑c͒ , a coexistence of nanocrystalline aligned grains with amorphous matrix is still present. An increase of crystal size to 25 nm is coherent with the increase of crystallized fraction up to 40%. Moreover, the linear grain assembly increases. The high resolution electron microscopy ͑HREM͒ study of these samples confirms the fcc structure of the crystalline particles. As a representative example a HREM image and its corresponding fast Fourier transform ͑FFT͒ of a particle of the sample annealed without magnetic field are depicted in Fig.  2͑d͒ . The observed influence of magnetic field on crystal size at 733 K annealing temperature has been included in Fig. 1͑b͒ .
The magnetic/microstructural description of samples was completed by measuring magnetization under a constant field dc versus the measuring temperature for as-cast sample and annealed at 733 K at 0 and 11 200 A m −1 , as shown in Fig. 3 . The magnetization evolution with temperature for the sample without cobalt, with composition Fe 73.5 Si 13.5 B 0 Cu 1 Nb 3 , has also been included. In both cases, for the amorphous sample the magnetization ͑T͒ decreases down to zero at the amorphous Curie temperature. Further heating induces a sharp ͑T͒ increase, towards higher magnetization values in the case of cobalt based sample than in the free one, related to the onset of crystallization process. In the case of annealed samples, due to previous partial crystallization, the samples remain ferromagnetic at and above the amorphous Curie temperature. However, the corresponding decrease of magnetization exhibited by the field annealing sample is much smaller than that corresponding to the zero field annealing sample. This difference is also due to the difference in crystalline fraction for both samples. Figure 4͑a͒ shows a HREM micrograph for 733 K annealed sample at 4000 A m −1 . An enhanced image of a particle and its corresponding FT along ͓110͔ ͓Fig. 4͑b͔͒ show the lattice distances and the ͓110͔ direction is arrowed, confirming the preferential direction shown by x-ray diffraction ͑XRD͒ in Fig. 3͑b͒ . It is important to remark that fcc FeCo-Si magnetocrystalline anisotropy is characterized by easy axes along the ͓110͔ direction. 8 Previous works show the subsequent microstructure of annealed samples. 9 It has been suggested that the applied field can act as a driving force for directional grain nucleation through the magnetic free energy. Magnetocrystalline Let us analyze the possible origin of the experimental results reported here. If we define the polar orientation as that of the magnetic field, Fig. 2͑b͒ indicates that when a grain is nucleated in a particular reference point the probability of a subsequent nucleation at the neighborhood increases at the polar orientation with respect to the equatorial one. The probability of nucleation is governed by the nucleation free energy e. Such energy, even though extended over an energy spectrum and dependent on the distance to the previously nucleated grain, is randomly distributed in orientation as confirmed by the crystallite pattern observed in the sample annealed in the absence of applied field, Fig. 2͑a͒ . With the effect of the applied field the spherical symmetry is broken. The anisotropic nucleation probability can be described by introducing in the activation energy of the neighborhood e a bias term that at first order can be written as −e H ͑3 cos 2 -1͒, where is the polar angle of the line joining the previously nucleated grain and the new nucleated grain. It is obvious that magnetostatic interactions account for this tendency with an approximated e H given by 0 M z 2 ͑v 1 v 2 /4r 3 ͒, where v 1 and v 2 are, respectively, the volumes of the interacting grains and r is the distance between their centers. Note that M z , the average magnetization of the nucleated phase along the field direction at the annealing temperature, must rise with the applied field H to reach its saturation value. Most of the nucleated grains should behave as superparamagnetic at 733 K. Consequently, the increase of H from 4000 up to 11 200 A m −1 should induce an increase of e H through the increase in M z , as reflected in the experimental results. As H increases further, M z approaches its saturation value M s , and e H reaches its higher value 0 M s 2 ͑v 1 v 2 /4r 3 ͒. For constant grain size and applied field, e H exhibits thermal dependence through both the thermal dependence of the superparamagnetic susceptibility and that of M s ͑T͒. As a general condition it should be considered that e H is an increasing function of ͑T c − T͒, T c being the Curie temperature of the grains nucleated at T.
Nucleation is observed at temperatures T for which e ϳ k B T, k B being the Boltzmann constant. The processes activated during annealing at 733 K are those with energy close to 10 −20 J. The bias effect of the field should also be noticeable only if e H ͑T͒ is close to k B T. From the pattern shown in Fig. 2͑a͒ , that provides v 1 = v 2 =10 −25 m 3 , r =10 −8 m, estimation of e H yields, e H = 0 M s 2 10 −27 J. As an effect of the Co content, the Curie temperature of crystallites is enhanced up to 1123 K much above than the annealing temperature of 733 K; consequently, the spontaneous magnetization of the crystallites at 733 K is high enough to contribute decisively to e H . In the case of FeCo-Si grains 0 M s is close to 1.5 T at room temperature and remains above 1 T at 733 K. 6 Therefore, e H that is then about 10 −21 J equivalent to 70 K,-i.e., close to e-can induce observable directional order. However, Fe-rich crystallites 6 as shown in Fig. 3 , with Curie temperature of 923 K, nucleate at 823 K, temperature at which the spontaneous magnetization is below 0.3 T. For this last case e H falls down one order of magnitude below e and its effect on the kinetics and subsequent microstructure becomes negligible.
When the applied field is high enough to produce complete magnetization alignment, the activation energy for nucleation decreases to e −2e H along the polar axis. Therefore, the effective annealing temperature for polar nucleation and growth is 870 K, whereas for transverse crystallization decreases down to 660 K. Consequently, the nucleation and growth rate at 733 K are expected to be that obtained without applied field at an intermediate effective temperature, i.e., 800 K. This effect explains the experimentally observed tendency to increase polar growth rate and consequently connectivity between grains and crystallized volume fraction. In particular, the 40% crystallized fraction obtained after annealing at 733 K under a field of 11 200 A m −1 ͓Fig. 2͑c͔͒ has also been reached after annealing at 790 K in the absence of field. The field effect experimentally obtained is then equivalent to a 57 K effective increase of the annealing temperature, in good agreement with our previous estimation. Finally, the ͓110͔ texture can be associated with the magnetocrystalline anisotropy energy. As magnetostatic energy tends to align grain͑s͒ along the magnetization direction and the magnetization is required by both applied field and easy axes, the grain as a whole tends to align the easy axes along the polar or field direction. These arguments also account for the dependence of grain size, grain alignment, and crystalline texture on the intensity of the applied field as stated above.
In summary, we have shown that nanocrystalline grains can be directionally ordered by annealing of Fe 28.5 Co 45 Si 13.5 Cu 1 Nb 3 ribbons in the presence of magnetic field. This happens when the annealing temperature corresponds to the first stages of nanocrystallization process ͑stage II͒. The field effect can be described by a relative increase of the crystallized volume fraction and a linear alignment of the nucleated grains. The energy barrier for nucleation is directionally affected by the applied field. The effect only can merge when in the temperature range at which nucleation takes place, M s is high enough to increase sufficiently these three free energy terms. This last condition holds if the Curie temperature of the nucleated phase is high enough to lie well above the temperature at which nucleation proceeds, as is the case for FeCo-Si nanocrystals. 
